Introduction
Quantum dots (QDs) represent the ultimate limit in charge carrier confinement with discrete atomic-like energy states. The size of the InGaAs and InGaN QDs studied in this chapter is sufficiently small to effect fully quantized electron and hole states. Quantization energies are of the order of kT or larger at room temperature. The energies sensitively depend on size, shape and composition of the QDs (see Chap. 7). Since these quantities show some variation among individual dots within an ensemble comprising many dots, optical spectra detected as a response of the entire ensemble are inhomogeneously broadened due to a superposition of transitions with varying energies. This broadening can be smaller or comparable to the energy separation of transitions between different electronic states of the confined charge carriers. Effects like state filling or phonon coupling can then be well studied by simultaneously probing many dots of the ensemble. The interaction between charge carriers confined to the same dot leads to small splittings and shifts of the energies. Such effects are generally obscured by the inhomogeneous broadening. Spectroscopy of single QDs has therefore been established as a powerful tool to study few-particle interactions. This chapter highlights a number of results of fundamental importance on optical properties of self-organized quantum dots of the prominent materials In(Ga)As and InGaN. While the zinc-blende GaAs-based dots show piezoelectric effects only due to shear components of the inhomogeneous strain induced by the lattice-mismatch to the matrix [46] , wurtzite GaN-based dots exhibit a strong built-in piezo-field. Consequences of such effects govern the electronic properties of the dots, which are studied in both materials for dot ensembles and individual dots.
Confined States and Many-Particle Effects

Renormalization
In a quantum dot the single particle energies of electrons or holes depend almost solely on the QD's structural properties like size, shape, composition and the surrounding material. The single particle picture is, however, no longer sufficient if a QD is occupied by more than one charge carrier, because the Coulomb interaction between the confined particles alters the overall energy of the system. For bulk and quantum well structures this well-known effect is referred to as renormalization of the band gap. For fully confined systems like QDs such renormalization is also expected to play a role but to have only minor impact, since the strong confinement dominates the electronic properties of a QD.
Occupation effects in QDs are revealed in photoluminescence spectra recorded as a function of excitation power. The sample presented here was grown using metal-organic vapor phase epitaxy and contains In 0.6 Ga 0. 4 As QDs in a GaAs matrix, with an Al 0.3 Ga 0. 7 As barrier separated by a 1 nm GaAs spacer from the bottom side of the QDs. The AlGaAs barrier increases the confinement, giving rise to four excited states besides the QD ground state. Taking the degeneracy 2 · (n + 1) of an harmonic potential as a rough estimate for a QD, the maximum overall occupation number of the confined excitonic states will be ∼ 30. Fig. 1 . Series of PL spectra for increasing excitation density (bottom to top), given on a logarithmic scale. I0: ground state, I1-4: excited states, WL: wetting layer. Inset: Evolution of the ground-state peak energy on a linear scale. From [13] . Fig. 1 shows photoluminescence spectra of the QD ensemble for increasing excitation density. For low excitation density the only observable transition is from the QDs' ground state (bottom spectrum) whereas for increasing excitation density four additional peaks appear consecutively due to occupation and radiative recombination from excited states. All peaks obviously shift to lower energy with increasing excitation density. The ground state transition, e.g., exhibits a red shift of as much as 35 meV as illustrated in the inset of Fig. 1 .
Since the ground state emission can be observed already for small excitation densities, it's evolution can be easily traced as a function of excitation density. To get information on the true energy position of the excited states, absorption measurements with low excitation density are appropriate. Figure 2 comprises a photoluminescence excitation measurement of the QD ensemble (dashed line in the bottom panel) together with three photoluminescence spectra for different mean occupations of excitons in the QDs. The occupation numbers N X have been determined by comparing the intensity evolution of the different peaks to calculations based on the 'master equations for micro states' scheme [9] . The excited states also show an obvious shift to lower emission energy with increasing excitation density, i.e. with increasing occupation (see Fig. 2 ).
Fig. 2.
PL spectra (solid lines) for an increasing mean occupation NX of excitons in the quantum dots. The dashed line in the bottom panel gives a PL excitation spectrum recorded for the NX < 1 situation at the maximum of the ensemble emission peak. The vertical grey lines mark the energetic positions of the excited states in the 1 exciton limit as given by the PLE curve. From [11] .
To gain insight into the origin of the red shifts observed in Figures 1 and  2 , two more QD ensembles embedded into different structures were investigated. Sample 2 has a structure comparable to the first sample, but it does not contain an AlGaAs barrier close to the dots. In sample 3 the QDs were overgrown by a 2 nm In 0.25 Ga 0.75 As layer to reduce the strain of the QDs and the barrier energy. Figure 3 gives a comparison of the photoluminescence spectra of all three samples. Due to the modified potential sample 2 has only three excited states and sample 3 (bottom) has only two. For samples 2 and 3 the excitation density dependence of the energy position of the ground state was determined in the same way as for the first sample. When comparing the results for all three samples one has to keep in mind that the external excitation density differs from the effective excitation of the QDs which depends on the actual sample structure. In order to obtain a sample-independent measure for the excitation density, the measured intensities of the ground state and excited states were compared to calculations based on the 'master equations for micro states' [9] . The excitation density can then be expressed in units of excitons per QD and exciton lifetime τ rad , i.e., Solid vertical lines mark maximum occupation numbers of excitons in the three QD structures. Further occupation is expected to take place in the wetting layer. From [11] .
Sample 1 exhibits the largest red shift and sample 3 the smallest. The main difference between the samples is the number of confined states. As a consequence an increased red shift is found if more states are bound. This observation can be understood in terms of correlation. The larger the number of bound states, the higher is the impact of correlation on the bound excitonic complexes, resulting in a stronger red shift. Besides the number of bound states, the number of on-site charge carriers is also influencing the red shift. The dashed vertical lines in Fig. 4 denote the estimated maximum number of confined excitons in the QDs, assuming a degeneracy of 2 · (n + 1) of the QD levels. For larger excitation densities the wetting layer will be occupied. From the persistent red shift at further increased excitation density it is concluded that an increase of on-site carriers in the wetting layer also results in a red shift of the ground state transition. Such effect is also known for bulk semiconductors and two-dimensional wetting-layer systems [49] .
Phonon Interaction
The interaction with phonons is of great importance for the recombination and dephasing dynamics of confined excitons. In crystals with full translational invariance the number of existing phonons depends solely on the atomic basis.
New phonon modes may develop if there are interface boundaries or impurity atoms in the crystal. These modes mostly have a local character, i.e., their spatial distribution is restricted to the interface regions or defect atoms, respectively. As a consequence, there is a large spatial overlap between electronic states related to the interface or defect atom and the respective local phonons, leading to a large interaction among these states. QDs grown in the Stranski-Krastanow growth mode are strained and they have interfaces in all spatial directions, with their bottom interface being the wetting layer. Therefore an interaction between electronic QD states and local phonons is very likely [14] . For a comprehensive presentation five samples with different QD structures have been examined. Samples A to C contain QDs of pure InAs, prepared employing punctuated island growth and a low temperature GaAs cap prepared using migration enhanced epitaxy to preserve a pyramidal shape [23, 24] . Sample A consists of a single QD layer, samples B and C contain small InAs seed QDs and either a single active layer of InAs QDs, separated by a 36 ML thick GaAs spacer from the seed QDs, or a five-fold stack of InAs QDs with 45 ML thick GaAs spacers between all layers. Sample D contains a three-fold stack of InAs QD layers, each overgrown by an In 0.13 Ga 0.87 As quantum well and a 110 ML thick GaAs spacer [12] . Sample E was prepared using metal-organic vapor phase epitaxy and has a single In 0.2 Ga 0.8 As QD layer in GaAs matrix [43] . Luminescence spectra of these QD structures are compiled in Fig. 5 . Normalized PL spectra of different In(Ga)As/GaAs QD structures (see text for details), excited non-resonantly into the GaAs matrix with low excitation density. From [27] .
Resonant Raman scattering via the QD ground state was applied for the investigation of localized phonons. Since the separation between Raman response and ground state luminescence equals the respective phonon energy, QD ensembles with small inhomogeneous broadening are best suited for the investigation. Resonant Raman peaks for samples A and E as given in Fig. 6 appear at the low energy side of the respective PL emission, two orders of magnitude weaker in intensity. The excitation energies indicated by arrows in the insets were chosen in a way that they match some ground state energy within the QD ensemble. The vertical black lines mark LO and TO phonon energies of GaAs at the Γ -point. The intensities of the Raman signals clearly follow the spectral density of the QDs, confirming that the Raman signal is indeed due to resonant scattering via the QDs ground state. At the same time the energies of the Raman peaks deviate from the GaAs LO and TO energies towards smaller values. The red shift indicates a gradual cross-over from Raman coupling with GaAs bulk modes to a coupling with local QD modes as the spectral density and thereby the coupling probability to QDs increases. Figure 7 shows the resonant Raman signal as obtained when exciting on the respective QDs' absorption maximum for all QD structures. For all samples the phonon energies are similar and deviate from the GaAs bulk values.
The identification of the confined QD phonon modes is based on a linear chain simulation using the strain modeling described in Ref. [10] . The local strain-induced frequency shifts were calculated along a linear path through the center of a QD from discrete 3D strain data and phonon deformation potentials. The calculation shows that the compressive strain as present in the center of the In(Ga)As QDs increases the InAs Γ -point LO phonon energy from the bulk value of 30.3 meV to 33.8 meV, whereas the TO phonon energy is increased from 27.9 meV to 31.5 meV. The experimental LO and TO values as obtained from Fig. 7 are in very good agreement with the simulation. The interface mode cannot be explained solely by strain effects. Here, the identification is based on the coupling strength and energy position as compared to the local QD modes. The energy laying in between those of Γ -point energies of strained InAs and GaAs is typical for QD interface modes [31] . The Fig. 7 . Resonant Raman spectra excited on the respective absorption maximum of the QD ensembles for all five samples. Spectra are normalized and vertically shifted for clarity. The vertical black lines mark the energies of Γ -point GaAs bulk phonons and the gray areas highlight the resonance peaks in the measured spectra. From [27] .
high intensity of this mode can be related to the fact, that GaAs has a much stronger exciton-phonon coupling than InAs and that a large part of the mode is located in the GaAs matrix.
Electronic Tuning by Strain Engineering
Tuning the emission of QDs to target wavelengths is of largest importance for actual devices like lasers and detectors. The emission wavelength of InAs QDs in GaAs matrix is typical below 1.2 µm. Deposition of thicker InAs layers to obtain longer wavelengths generally results in the formation of Inrich clusters and defects within the InAs. Other methods have hence to be applied to reach, e.g., the important telecom range at 1.3 µm. One of the most promising procedures is overgrowing the QDs with an InGaAs quantum well of lower In content. The underlying mechanism of this approach is discussed in this section.
Combined PL and PLE spectra for five MBE-grown samples with In contents in the well ranging from 0 to 25% are given in Figure 8 . As the In content increases, the maximum of the QD ground state emission shifts by 120 meV to lower energy. The PLE data provide information on the energies of the excited states in the QDs and of the energy resonances of the InGaAs well. The increasing In content of the well can clearly be seen by the red shift of the well resonances.
The red shift of the QD luminescence with increasing In content of the well originates basically from two effects: The enlargement of the QDs by In migration from the well to the dots, i.e., a partial decomposition of the InGaAs well, and a reduction of the hydrostatic strain inside the dots due to a surrounding of larger lattice constant. The following discussion will render strain reduction as the main effect for the observed red shift of the groundstate transition. Fig. 8 ) and numerical calculations. The calculations have been performed in the framework of 8-band k · p theory including band coupling, correlation, strain, and piezoelectricity [46] (see Chap. 7 also). An InAs model QD of truncated pyramidal shape and constant size, and a 4 nm thick InGaAs well were assumed for all In contents. The calculations predict the excited states to be rather independent on In content, in agreement with the experimental data. Furthermore, the calculated energies match the measured values very well. The applied theory treats strain in a realistic way, but neglects any In accumulation from the well near the dots. It can hence be concluded that the reduction of strain is the main reason for the red shift of the quantum dot ground state and that a possible change of QD size is of minor importance. 
Multi-modal InAs/GaAs Quantum Dots
Quantum-dot ensembles considered so far show a single, inhomogeneouslybroadened ground-state emission peak. Under certain growth conditions such an unimodal distribution of QDs decomposes into a more complex distribution with well separated peaks in emission spectra. Generally, the differences in such subensembles are related to the size distribution of the QDs, that shows distinctly deviating mean values in the distribution with a spread that is smaller than the differences of the mean values. Coexisting bimodal size distributions have been observed quite frequently for various QD materials, and also tri-modal distributions were found and models for their formation have been proposed (for a review, see e.g. [44] ). For InAs QDs in GaAs matrix, self-organized growth of ensembles showing a multi-modal distribution of sizes was recently developed and studied in detail [28] . The structural properties of these QD ensembles are well defined and directly linked to the emission energy, leading to spectrally well separated subensembles. In the following we show that the spectral separation of the subensembles' emission maxima is due to a discrete variation of QD height in steps of InAs monolayers accompanied by a simultaneous increase in base length. As such ensembles allow for a direct correlation of structural and excitonic properties, these QDs represent an ideal model system to unravel the complex interplay of Coulomb interaction and a quantum dot's confining potential.
The PL of InAs/GaAs QDs with a multimodal size distribution is given in Fig. 10a [37] . A low excitation density < 4 mW/cm 2 ensured an average occupation below one exciton per dot, excluding the appearance of exited state transitions. This is confirmed by the PLE data in Fig. 10 that give a state splitting much larger than the 30-50 meV spacings of the PL peaks. The PLE spectra reveal a first (second) excited state about 120 (220) meV above the ground state, indicative for a very high InAs content in the dots. The heavy-hole (hh) resonance of the wetting layer at 1.45 eV marks the onset of the continuum that limits the localization in the QDs. The combined representation of the photoluminescence intensity as a function of the detection and excitation energies in the contour plot Fig. 10b reveals the evolution of the QDs' energy spectrum as a function of ground-state recombination energy E g . QDs with E g below 1.22 eV have at least two excited states, whereas smaller QDs have only one (1.22 eV < E g < 1.32 eV) or, for E g > 1.32 eV, no excited states at all. Fig. 11 . PLE spectra of the multi-modal QD ensemble with detection energies being equal to the local PL maxima, as given by arrows on top of the PL curve. The energetic position of the wetting layer is independent of the detection energy. From [11] .
Structural investigations by TEM [28] and XSTM [48] outlined in Chapter 2 showed that the dots consist in fact of pure InAs, have sharp top and bottom interfaces, and steeply inclined side facets. The energy of excitons confined in such truncated pyramidal InAs dots was calculated using the 8-band k · p model including configuration interaction [15] also discussed in Chapter 7. A 1 ML thick wetting layer is assumed, in agreement with the heavy-and lighthole energies observed in the PLE spectra. Calculated data are compared to the experimental results (taken from Fig. 11) in Fig. 12 . The energies of the ground and excited state in a small QD of 3 ML height are well reproduced, if a base length of 10.2 nm is used. However, for taller dots this base length results in transition energies that are to large. Similarly energies of a 9 ML high dot are well matched using 13.6 nm base length, but such a base length yields energies being too small for smaller dots. Consequently both, height and base length actually increase for larger dots, as proved by the excellent agreement of the calculated energies connected by the black lines in Fig. 12 . QDs in the ensemble with multimodal size distribution hence show a gradual shell-like increase in volume, giving rise to self-similar dots throughout the whole ensemble. 
Single InAs/GaAs Quantum Dots
QDs are promising building blocks for a number of novel applications like single-photon emitters or qubit registers. For optimal system performance knowledge about the electronic structure of few-particle states and the interrelation of structural and electronic properties is essential to allow for targeted growth. Since the inhomogeneous broadening of a QD ensemble is much larger than the energy differences between recombination energies of different excitonic complexes or exchange energies, single-dot spectroscopy is required to gain insight into the Coulomb-affected few-particle properties.
The following results were obtained using spatially high-resolved cathodoluminescence spectroscopy (CL) with an optically opaque nearfield shadow mask made of Au which is evaporated onto the sample surface to reduce the number of simultaneously probed QDs. The samples under investigation are of multimodal type as presented in the previous section. The dot density is about 4 × 10 10 dots cm −2 . Applying apertures of ∼ 100 nm in diameter about four QDs are detected simultaneously. Further discrimination is achieved spectroscopically.
Spectral Diffusion
A typical CL spectrum as recorded through a shadow-mask aperture is given in Fig. 13a . A couple of emission lines is spread over an energy range of some 10 meV and the spectral width of the lines is limited by the spectral resolution of the setup. Since the emission lines may originate from different QDs or different excitonic complexes within one QD, the emission spectra of single QDs have to be identified first. For the illustrated case the identification is based on the spectral diffusion [6, 8] as depicted by Fig. 13b . Two sets of lines obviously exhibit the same spectral diffusion pattern in time. The spectral diffusion results from randomly charging and discharging of defects and interface states around the QDs, resulting in a synchronously changing electric field [50] . Since each QD experiences a different electric field in time, all its emission lines show the same, characteristic emission pattern -allowing for a discrimination of single dot spectra, even if they overlap. The magnitude of the spectral diffusion does not only depend on the sample structure but also on the way of excitation. For optical excitation (e.g. via a frequency doubled Nd:YAG laser) the spectral diffusion of a particular individual dot was found to be one order of magnitude weaker than for excitation via the electron beam in CL. The different excitonic transitions within a single QD spectra were identified via polarization and excitation dependent measurements [36] . Due to the statistical nature of carrier capture into the dots emission from neutral excitons, biexcitons, as well as from charged excitonic complexes is observed.
Size-dependent Anisotropic Exchange Interaction
In polarization-dependent measurements four of the emission lines show distinct features which monotonously evolve with QD size as shown below. Polarized single QD spectra from a large QD and a small QD appearing at small and high emission energy, respectively, are displayed in Fig. 14 . The directions of polarization were chosen to be parallel to [110] and [110] . The emissions of the neutral exciton and biexciton split into two lines of equal intensity with reversed order of their polarization with respect to the transition energy. The splitting of both doublets is identical. The other two polarization-dependent lines stem from the recombination of the positively charged biexciton. They switch intensity when the polarizer is rotated by 90
• . Both features originate from the anisotropic part of the exchange interaction among the confined electrons and holes. The anisotropic exchange interaction lifts the degeneracy of the bright exciton state, which is the final state of the biexciton decay and the initial state of the exciton decay, see Fig. 15a . This fine-structure splitting (FSS) leads to equal splittings of the biexciton and exciton transitions, because both the biexciton state XX and the empty QD state '0' have an angular momentum of zero. In case of a positively charged QD the anisotropic exchange does not lift the degeneracy of the hot trion states which represent the final states of the XX+ recombination, see Fig. 15b . It effects, however, a mixing of the hot trion states and hence a change of the polarization from circular for pure states to elliptical.
The two single dot spectra given in Fig. 14 suggest that the magnitude of exchange interaction is related to the size of QDs. For a systematic analysis a number of QDs was investigated with respect to the exciton fine-structure splitting and the mixing of the hot trion states. The FSS is defined to be positive, if the X line at lower energy is π+ polarized, i.e., along the [110] crystal direction. For the mixing degree of the hot trion states the polarization degree of the two XX+ recombination lines defined by p = I π+ −I π− I π+ +I π− is taken as measure. Figure 16 gives the FSS and polarization degree data as measured all over the inhomogeneous broadened QD ensemble peak.
Both graphs show a clear dependence of the respective data on QD size, which is directly connected to the exciton recombination energy for the measured InAs QD ensemble with multimodal size distribution. Hence in both cases, the underlying exchange interaction scales with QD size in a similar way.
The measured data clearly demonstrate the impact of the anisotropic part of the exchange interaction on the confined electrons and holes. Such anisotropy arises in quantum dots, when the symmetry of the confining potential is lower than C 4v . Sources for such symmetry lowering are structural anisotropy of the dots, piezoelectricity induced by strain [10, 46] , and atomistic symmetry anisotropy [4] . Structural elongation of the studied quantum dots can be ruled out as a main source for the observed exchange effects. TEM measurements of our quantum dots do not show a significant anisotropy [ [28] , cf. also Chapter 2] and numerical modeling fails to reproduce experimental results [40] . Piezoelectricity provides a reasonable explanation for the observed trend [40] . Its magnitude is proportional to the occurring shear strain in the QDs. Due to the lattice mismatch between GaAs and InAs, the shear strain is larger for larger QDs [10] . Larger QDs with stronger shear strain components hence lead to stronger piezoelectric fields. Consequently such QDs have larger values of the fine-structure splitting, and the XX+ lines show a larger degree of polarization. The importance of strain for the magnitude of the FSS was pointed out before [4] . The role of atomistic symmetry anisotropy is not assessed in detail yet. A major role cannot be excluded in a complete treatment of exchange interaction in quantum dots.
Binding Energies of Excitonic Complexes
Another important aspect of Coulomb interaction is the renormalization of few-particle transition energies acting, e.g., when one electron and hole recombine in the presence of additional charge carriers. Of particular interest for applications is the biexciton binding energy, i.e., the energetic difference between excitonic and biexcitonic recombination. The larger this spacing is, the easier is the spectral selection of each transition. Emitters of polarizationentangled single-photon pairs from excitonic and biexcitonic transitions will benefit from that. For a systematic investigation of the interrelation between excitonic binding energies and structural properties of the QDs, many single QD spectra were recorded all over the inhomogenously broadened ensemble peak of the multi-modal QD sample from Sec. 2.4. The resulting binding energies for the biexciton and the two trions are plotted in Fig. 17 as a function of the neutral exciton recombination energy. Obviously, there is a characteristic trend and energy regime for the three excitonic complexes. The negatively charged exciton has always a positive binding energy being almost independent on the neutral exciton's recombination energy. Contrary the binding energies of the positively charged exciton and the biexciton clearly decrease for increasing exciton recombination energy (decreasing QD size). Moreover, for the biexciton even a transition from positive to negative binding energies is observed.
The non-zero binding energies originate from the Coulomb interaction between the confined charge carriers. For understanding the observed energy regimes and trends the Coulomb interaction will be discussed in terms of direct Coulomb interaction and correlation.
The energy regimes of the two trions can be explained by the direct Coulomb interaction alone [36] . The binding energy of X-directly depends on the difference between the two direct Coulomb terms C(e, h) and C(e, e).
Correspondingly E b of X+ depends on C(e, h) and C(h, h).
Due to the larger effective mass of the holes and the small size of the QDs the wavefunction of the hole is much stronger localized than that of the electron, which penetrates the barrier to a large extent. Consequently |C(e, e)| < |C(e, h)| < |C(h, h)| and the negative trion has a positive binding energy, while the positive trion has a negative E b .
For the trends of the binding energies the impact of correlation is to be considered. To model the impact of correlation the number of confined QD states for electrons and holes was varied [36] . The procedure is motivated by the finding presented in Sec. 2.4 that the number of confined states decreases for increasing ground state recombination energy as shown in the absorption measurement ( Fig. 10(b) ). In our numerical model the spectrum of bound states is expressed by the number of single particle states for electrons and holes that serve as the basis states in CI calculations. A given set of electron and hole states is called configuration. By comparing calculations for different configurations it becomes obvious that the number of bound hole states is the main factor determining the trend of the binding energies: The larger the number of hole states is, the larger is the binding energy of e.g. biexcitons.
A sample calculation is given in the right panel of Fig. 17 where the number of electron states is kept constant at three while the number of hole states was varied from eight for large QDs to two for small QDs. Obviously the trends and energy regimes observed in the experiment are well reproducedincluding a binding energy for the X-that is almost independent on the actual configuration. The relevance of correlation for transition energies in QDs was already described in Sec. 2.1 for many particle transitions.
Data Storage Using Confined Trions
Besides shining light onto fundamental quantum phenomena, the trion states can be used for information storage. This was recently demonstrated by photocurrent (PC) measurements on InAs/GaAs QDs [51] . By fabricating a p-i-n diode structure with an AlGaAs barrier on the n-(p-) side of the QDs the tunnel rate of holes (electrons) in an electric field is drastically reduced as compared to the opposite charge-carrier type. When exciting the QDs resonantly by monochromatic light a subensemble of QDs will be occupied with excitons. A subsequently applied electric field in reverse direction will lead to an efficient tunneling-out process of one kind of charge carrier. Consequently, the QDs are charged with the opposite one. To reveal the charge state of the QDs and thereby the stored information, photocurrent spectroscopy can be applied. Here, the sample is illuminated by monochromatic light again and the photocurrent is measured as a function of excitation energy. On the energetic position of the formerly neutral QDs a dip appears in the PC spectra: By charging the QDs the energetic position of absorption is shifted by the trion binding energy. Consequently the spectral density for absorption is reduced here. On the other hand a peak appears at the energy plus the trion binding energy as the charged QDs increase the spectral density at that energy. Fig. 18 gives PC spectra for the storage of holes and electrons, respectively. The shift of the trion resonance with respect to that of the neutral exciton is qualitatively the same as observed in the single QD spectra in the previous section though the QDs are different. The X+ has a negative binding energy while the X-has a positive one with the absolute value being larger than for the X+. 
Electronic Tuning by Annealing
For actual single-QD applications it is crucial to optimize the respective electronic property of a QD. An example will be emitters of polarization-entangled single-photon pairs where the fine-structure splitting is to be close to zero. Besides control during growth of the QDs a post-growth (ex-situ) treatment can be applied by thermally annealing the sample. This was previously demonstrated for ensembles of QDs [18, 47] or randomly chosen single QDs [53] .
Recently, we have realized an experiment where one and the same QD was subjected to subsequent annealing steps and single-dot measurements [42] . To trace the single QD, mesa structures were fabricated on a sample with a low QD density in a given spectral region. By mapping the luminescence of the mesa in CL the exact position of one QD can be determined and relocated after each annealing step. Figure 19 displays such a trace for the as grown QD and two annealing steps of 5 minutes at 710
• C and 720 • C, respectively. The drastic change of electronic properties of a single QD due to the annealing procedure is shown in Fig. 20 . For clarity one panel focuses on the binding energies of the excitonic complexes and the other on the excitonic finestructure splitting. For all excitonic complexes a change of the binding energies occurs. The trend depends on the respective few-particle state. The binding energy of the negatively charged exciton decreases for increasing annealing strength whereas all the other complexes become more binding (larger binding energy). The neutral and positively charged biexcitons even show a transition from anti-binding to binding.
For the fine-structure splitting a drastic reduction is observed. An initial value of about 170 µeV decreases to less than 20 µeV which represents the resolution limit of the setup. The generation of polarization entangled photon pairs by annealing-induced tuning should hence be feasible -an important fact for the realization of quantum-cryptography schemes using semiconductor quantum dots. 
Optical Properties of InGaN/GaN Quantum Dots
Over the last couple of years, the study of the optical properties of InGaN/GaN heterostructures has led to a great improvement of light emitting devices operating in the violet and visible spectral range [22, 25] . Numerous investigations were carried out to clarify the origin of the luminescence and that of the laser gain in InGaN-based structures [7, 26] . As a result, localized electron-hole pairs were identified as the microscopic origin of the luminescence in optoelectronic devices. As a consequence, localization centers were deliberately created in form of quantum dots (QDs). However up to now, there is no clear picture of the basic processes of the radiative recombination in InGaN QD structures. In nitride QDs, the carriers have large effective masses, high exciton binding energies and they are strongly confined due to the large bandgap differences. As a result, they are found in the QDs' excitonic ground state, even at room temperature, leading to a large overlap of the wavefunctions of the electron and the hole and, thus, to a good luminescence efficiency. A prominent problem of InGaN/GaN heterostructures is that fluctuations of size [20] and composition [21] of InGaN insertions lead to a red-shift of the luminescence and also effect the radiative decay. Moreover, the properties of nitride based nano-objects are significantly affected by the presence of strong built-in electric fields along the (0001) growth direction [3] that are caused by the arrangements of polar atoms in the wurtzite crystal structure. Experiments and theoretical calculations demonstrate that these piezoelectric fields in nitrides are in the range of MV/cm. This is some orders of magnitude larger than in GaAs based QDs [1, 32] . Such an electric field can no longer be treated as a perturbation of the confined electrons and holes in the QD. In fact, it leads to a Stark shift of the transition energy to smaller energies and to large time constants of the radiative recombination of up to ms [5, 45] .
Time Resolved Studies on Quantum Dot Ensembles
The purpose of this chapter is to highlight the results of time resolved luminescence experiments on InGaN/GaN quantum dot ensembles. The investigated InGaN/GaN structure was grown on Si (111) substrate by metal-organic vapor phase epitaxy (MOVPE). The sample consists of a 1.2 µm thick GaN buffer layer grown on top of an AlN nucleation layer, the active InGaN region and a 50 nm thick GaN cap layer. The active region is set up of a superlattice consisting of 5 layers of 1.5 nm thick InGaN separated by 3 nm thick GaN layers. Vertical electronic coupling between the InGaN layers can be ruled out. Transmission electron microscopy (TEM) measurements indicate lateral fluctuations of the indium concentration inside the InGaN layers and the formation of In-rich nano-domains with sizes between 2.5 and 4 nm. Additionally, a vertical decrease of the In concentration was found. Now the question is if these inhomogeneous layers can be considered as rough QWs or if they rather behave like QDs. In the following we will show by means of optical experiments what the exact nature of the heterostructure is. Fig. 21 shows a typical PL spectrum for non-resonant excitation. A broad band originating from the active InGaN region appears between 2.6 eV and 3.3 eV. The PL is spectrally modulated due to an interference effect between the Si/GaN and air/GaN interfaces which provide large refractive index steps causing strong reflection. On the basis of the period of the oscillation we determined the thickness of the structure to be 1.6 µm, in reasonable agreement with the thickness expected from growth rate calibration. The sharp line around 3.5 eV is attributed to the recombination of bound excitons in the GaN buffer layer. At resonant excitation, the shape of the broad PL does not change but its intensity does because of the changed excitation condition. PL excitation (PLE) investigations reveal an excitation channel around 3.0 eV, more than 100 meV above the maximum of the PL spectrum (∼ 2.9 eV) where the detection energy was set. Three possible reasons may account for this Stokes shift: (i) the higher oscillator strength of transitions involving excited sub-bands in a quantum well (QW) subject to a high piezoelectric field, (ii) the existence of mesoscopic localized states due to long-range disorder in a quantum well, (iii) QD-like structures that typically exhibit such a PLE spectrum [19] . In the last case, the PLE maximum would correspond to the first excited exciton state of a QD sub-ensemble. This effect is documented well for 3D (with vertical extension) InAs QDs in a GaAs matrix that are proven to have a quasi-ideal δ-function-like density of states [19] . Which of the three explanations is the true scenario can be decided on the basis of resonant and non-resonant time-resolved (TR) PL studies (for clarity: Resonant excitation means, that the excitation energy is equal to the detection energy and for non-resonant excitation the excitation energy is larger than the bandgap of the GaN matrix material).
For a QW structure, resonant PL measurements within the continuum of the emission peak should reveal short lifetimes as carriers can relax instantly into QW states of lower energy because of the continuous density of states. Under resonant excitation of an ensemble of QDs with a δ-function-like density of states, the carriers are lifted directly into the ground state and long lifetimes will be observed, similar to non-resonant excitation. For non-resonant excitation, the rise time of the QW luminescence should be affected by carrier migration through small barriers (given by the QW's roughness) into states of minimal energy causing a delay of the evolution of the longer wavelength emission. Concerning the rise time of QD emission for resonant excitation, maximal intensity should be reached instantly as, here, the barriers between neighboring dots are high and excited states relax fast into the ground state.
The results of time-resolved PL measurements are presented in Fig. 22 . The decay after non-resonant and resonant excitation exhibits the same highly non-exponential behavior and the same time constants [17] . (For resonant excitation, the few maxima and the rapid decay at near zero times reflect the transient behavior of the excitation pulse.) The observed time behavior can be fitted with the help of a stretched exponent β [29, 30] , as is typical for disordered media [38] .
For the parameters we receive the values β = 0.2 and τ * = 0.4 ns regardless of the detection energy. The non-exponential decay can be assigned to an disordered ensemble of low-dimensional islands if we assume the occurrence of islands with different shapes. For equal transition energies the values of the electron-hole-overlap are similar in the case of flat 2D islands but may differ considerably for 3D islands. As a consequence, the stretched exponent β is smaller than 1 in the 3D case and equal to 1 in the 2D case. Hence, the value found for β of 0.2 suggests the presence of 3D islands. The observed rise times after non-resonant excitation indicate the presence of QDs rather than QWs. Regardless of the detection energy, the PL signal reaches maximum intensity after less than 7 ps, which is very close to our time resolution (5 ps).
In order to confirm our presumption regarding the QD nature of the InGaN/GaN structures on Si, we performed resonant TR PL investigations in a manner similar to that reported for InGaN/GaN multilayers on sapphire [16] . As mentioned above, the continuous function of density of states of QWs leads to fast carrier relaxation into states of minimal energy after resonant excitation significantly above the PL onset. Consequently for TR resonant PL of QWs, we expect a considerable spectral shift of the luminescence peak towards lower energies accompanied by a broadening. With elapsing time, an additional red-shift should become observable, caused by the recombination of non-equilibrium carriers that were initially screening a potential piezoelectric field. However, TR resonant PL measurements on our samples do not show such a shift. Fig. 23 presents the evolution of the PL spectrum after resonant excitation. After the resonant excitation pulse (white color) has decayed the spectral shape of the PL spectrum is governed by the relaxation processes within the InGaN structure. With elapsing time, the shape of the PL peak does not change. Neither a red-shift nor a broadening can be observed. Also the decay time corresponds to that after non-resonant excitation. Consequently, effects of spectral diffusion or piezoelectric screening that are expected for QW structures can be ruled out. In fact, the observed behavior perfectly matches that of resonantly excited QDs with a δ-functionlike density of states. Here, no carrier transfer occurs at low temperatures. In independent measurements, a comparison of the spectra of the resonant component of the PL after any period of time after excitation with the spectrum of the scattered light of the exciting laser pulse revealed that their shapes are identical. This is in disagreement with the spectrally asymmetric spectrum developing in Fig. 23 after excitation by the symmetric laser pulse. In order to extract the difference between the observed spectrum and the purely resonant part of the luminescence, the spectrum of the laser pulse was normalized to fit the intensity of the PL maximum after any period of time. Subsequently, it was subtracted from the TR spectrum of Fig. 23 revealing a well resolved peak on the low-energy side of the PL maximum. This peak shows up immediately (< 5 ps). It is the result of the recombination of ground state excitons in QDs that were excited via the first excited state and a subsequent fast relaxation. These QDs must be a sub-ensemble of larger QDs with the energy of the first excited state equal to that of the resonantly excited ground state of the major sub-ensemble. The energy difference between the two peaks of about 100 meV provides an estimate of the energy splitting between the QD ground state and the first excited state. About the same value was obtained by PLE experiments (see above). In the previous section, it is demonstrated how the nature of nano heterostructures can be determined to be quantum-well-like or rather quantumdot-like by means of time-resolved PL spectroscopy. A direct experimental access to the optical properties of quantum dots is single dot spectroscopy. Spatially high-resolved cathodoluminescence measurements show discrete QD states and demonstrate 3D confinement of carriers in the InGaN QDs [39] : When detected through an aperture of the shadow mask the broad luminescence peak of the QD ensemble decomposes into sharp lines (see Fig. 24 ). The narrowest line observed has a full width at half maximum (FWHM) of 0.48 meV. These lines were observed between 2.8 and 3.2 eV indicating that the entire broad peak originates from QDs.
Single Dot Spectroscopy
CL spectra covering several single lines were recorded with short integration times (80 -300 ms) to generate a time series (see Fig. 25 ). One series consists of 500 spectra with a fix integration time. The time series shows slight stochastic variations of the peak energies and intensities caused by fluctuating All lines show a pronounced linear polarization in orthogonal directions (Fig. 26) . These directions are scattered around the [1120] and [1100] crys-tal directions. Both directions were found for each investigated line group. Such a behavior has not been observed before in nitrides. In [52] , the electronic structure was modeled by realistic eight-band k · p calculations. The model includes piezoelectric and pyroelectric effects as well as crystal-field splitting and spin-orbit interaction. Few-particle states were calculated using a self-consistent Hartree (mean-field) approach. The current parameter set was adjusted to include recently developed band-dispersion parameters [34] derived from accurate quasiparticle energy calculations [33] . The model structure was chosen to match the TEM data [39] . Both the A-and B-hole states are included in the calculation of the oscillator strengths for the confined exciton, biexciton, and negative trion. In comparison to InAs QDs, in InGaN QDs the energetic separation of A-and B-hole that is affected by biaxial strain is relatively small (≈ 7 meV). The calculations predict a linear polarization of all transition lines. The direction of the polarization of each transition depends on whether an A-or a B-hole state is involved in the recombination process, providing an explanation for the polarization of all of the emission lines. The dynamics of the recombination of excitons in single QDs was investigated using TR micro-PL. Fig. 27 displays the transient behavior of a single QD line. The studied line is superimposed on a background signal making up 70 % of the PL intensity. This background signal is attributed to luminescence light from the QD ensemble transmitted through the mask and scattered light from other apertures of the mask. To eliminate the transient behavior of the background and isolate the single QD emission line, two transients for each QD line were recorded: one at the maximum of the line and one 5 -10 meV away. Since the changes in the PL dynamics of the entire QD ensemble are negligible within energy differences of a few meV, the latter transient can be subtracted from the former to obtain the true PL decay of the single QD state as has been suggested by Robinson et al. [35] . Contrary to the ensemble luminescence, single QD lines show a mono-exponential behavior. Their decay times are between 0.4 and 1.6 ns. In Fig. 28 , the observed decay times of emission lines from single QDs are depicted as a function of the transition energy. A large spread of the time constants was observed, even for similar detection energies [2] . Consequently, excitonic QD states with the same transition energy do not necessarily have the same lifetime. The dynamics of the luminescence is governed by two competing processes: the transition probability which primarily depends on the overlap of the wave functions of the electron and the hole and the probability of non-radiative escape. The overlap of the wave functions is affected by size, shape, and composition of the QD. The depth of its localization potential is not given by the absolute indium content alone, but it also depends on the difference in indium concentration between the QD and its adjacent area. Due to the disordered distribution of indium in the investigated sample [39] , there is no correlation between the localization energy and the transition energy. Luminescence detected at a particular energy originates from a QD sub-ensemble with equal transition energies. However, this sub-ensemble still consists of QDs with a wide distribution of electron-hole wave-function overlap, resulting directly in a distribution of transition times. Generally, the trend towards shorter time constants occurring for higher transition energies (Fig. 28) can be explained by an increasing importance of escape processes. Nevertheless, the transfer probability also differs inside one QD sub-ensemble of equal transition energy. For QDs of a sub-ensemble this leads to differ-ent time constants. Thus, the non-exponential PL decay is assigned to the summation of mono-exponential decays originating from individual QDs.
Summary
The chapter comprises optical investigations on self-organized In(Ga)As and InGaN QDs. Detailed size-selective and time-resolved investigations demonstrate that particular excitonic properties can be engineered. Both the excitonphonon and the exciton-photon interactions are sensitive to the actual structural properties of the QDs, realizing exciton dynamics which are limited either by relaxation or by recombination processes. Based on eight-band k · p model calculations, the crucial role of the electron/hole overlap and the local charge density, which depend on the size, shape, and composition (profile) of the QDs, is demonstrated. Many-and few-particle effects are investigated and correlated with the QDs' structural properties. Many-particle effects have been identified for the ground state, when filling the excited states and the wetting layer with spectator charge carriers. Successive quenching and renormalization of PLE resonances allow to identify transitions corresponding to specific electron and hole levels. The single particle picture is no longer sufficient if a QD is occupied by more than one charge carrier as renormalization effects appear which strongly influence the optical spectra. Resonant Raman spectroscopy and line narrowing photoluminescence measurements on a variety of self-organized In(Ga)As/GaAs QD structures reveals three localized optical phonon modes at 36 meV (QD interface phonon), 33 meV (LO-like phonon of the strained In(Ga)As QD) and 31 meV (TO-like QD phonon) nearly identical for all samples. These localized phonon modes exhibit very similar relative coupling strengths for the different QD structures. The interface mode shows the strongest coupling, followed by the QD LO phonon which couples 2 times weaker and the QD TO phonon which couples 7 times weaker than the interface phonon. Thus, the observed localized phonon modes show only very weak dependence on the structural properties of the QDs. A distinct multimodal modulation of the PL of InAs/GaAs QDs grown by MOVPE with antimony as surfactant is unambiguously attributed to a shell-like growth mode leading to ML-steps of the QD height. Based on the optical data we deduce a flat shape with both a structurally and chemically well-defined upper InAs/GaAs interface. The large splitting between the exciton ground and excited state of 120 meV supports the assumption of pure InAs in the QDs. Single-dot spectroscopy reveals recombination of neutral and charged excitons and biexcitons. The biexciton binding energy strongly depends on the QDs' size. With decreasing size the biexciton complex changes from binding to antibinding. The occurrence of an antibinding biexciton is attributed to the impact of the confining potential, which generates a repulsive effect of the direct Coulomb interaction, and the decreasing number of localized excited states with decreasing QD size, which quenches the impact of correlation. Po-larization dependent measurements reveal the fine-structure splitting (FSS) of exciton and biexciton emission that monotonously evolves with QD size. We found a variation by one order of magnitude and observed a sign inversion of the FSS. Large values of up to 520 µeV for large QDs were found. For the nitride structures, the observation of a resonantly excited narrow PL line and sharp CL lines gives clear proof of the QD nature of the luminescence. In addition, the recombination dynamics of excitons localized in a single InGaN QD was compared to the recombination dynamics of the entire QD ensemble. The luminescence decay of single QDs was found to be monoexponential. The non-exponential PL decay of the entire QD ensemble is an unambiguous proof that the disorder of the QD system governs the recombination dynamics here. The single emission lines show a pronounced linear polarization, which is attributed to the valence band structure of the wurtzite type nitrides. This observation reveals a large application potential of nitride QDs in high-operation-temperature single-photon sources. In comparison to InAs QDs, nitride QDs open a new wavelength region in the blue and nearultraviolet spectral range for single-photon sources. Short wavelengths are advantageous for quantum-optical devices, i.e. in free-space quantum cryptography, where the shorter wavelengths enable a reduction in the size of the transmitter and receiver telescopes.
